Ecto-nucleotidase enzymes catalyze the hydrolysis of extracellular nucleotides to their respective nucleosides. Herein, we place the focus on the elucidation of structural features of the cell surface located ecto-nucleoside triphosphate diphosphohydrolases (E-NTPDase1-3 and 8). The physiological role of these isozymes is crucially important as they control purinergic signaling by modulating the extracellular availability of nucleotides. Since, crystal or NMR structure of the human isozymes are not available -structures have been obtained by homology modeling. Refinement of the homology models with poor stereo-chemical quality is of utmost importance in order to derive reliable structures for subsequent studies. Therefore, the resultant models obtained by homology modelling were refined by running molecular dynamic simulation. Binding mode analysis of standard substrates and of competitive inhibitor was conducted to highlight important regions of the active site involved in hydrolysis of the substrates and possible mechanism of inhibition.
. E-NTPDase1-3 and 8 consist of two membrane spanning domains with an active site facing extracellularly that catalyzes the hydrolysis of nucleoside triphosphates to their respective diphosphates which are subsequently hydrolyzed to their respective monophosphates 6, 7 . Highly conserved regions of NTPDases are known as 'apyrase conserved regions' commonly abbreviated as ACR1-5 [8] [9] [10] . These regions have been known to play a significant role in forming the catalytic site 11 . Deletion and mutations in amino sequence of ACR regions result in alterations of hydrolysis activity and substrate specificities [12] [13] [14] [15] . All E-NTPDase isozymes require divalent Mg +2 or Ca +2 ion in millimolar concentration for maximal hydrolysis activity. Absence of these divalent metal ions or their chelation by EDTA/EGTA renders these isozymes completely inactive 6, 16 . The E-NTPDase isozymes differentially hydrolyze substrate molecules, E-NTPDase1
. The E-NTPDase3 is expected to effectively hydrolyze nucleoside triphosphate (up to 3 folds) but have a delayed hydrolyzing effect on nucleoside diphosphate 6 . However, E-NTPDase8 have been reported to show intermediate hydrolysis activity for nucleoside diphosphate and triphosphate 16 . These enzymes are primarily expressed in leukocytes, endothelial cells and platelets, thus performing various biological processes such as hemostasis, vascular contraction, pain perception, vascular permeability, angiogenesis, inflammation and immune systems by regulation of the extracellular nucleotide levels 18 . The E-NTPDase1 limits the intravascular platelet aggregation by hydrolyzing the aggregatory ADP to anti-aggregatory adenosine and is thus a novel therapeutic target for thrombotic diseases 19 . In contrast to the E-NTPDase1, the E-NTPDase2 on the other hand hydrolyzes ATP to ADP more rapidly as compared to ADP hydrolysis, ADP being agonist for platelet aggregation and thrombosis, therefore it promotes platelet aggregation and thrombosis 17 . Imbalanced ATP/ADP levels have been observed in aortic aneurysm and coronary artery diseases 18 . The E-NTPDases also have a major role in insulin secretion. E-NTPDase1 has been found in acinar cells, blood vessels and blood capillaries of pancreatic islets 20 . Similarly, E-NTPDase2 has also been found in acinar cells and in cells surrounding blood capillaries. E-NTPDase3 has been located specifically inside Langerhans cells of the pancreas 20, 21 . ATP has been known to increase insulin secretion from islets of Langerhans through activation of metabotropic P2 receptor as well as ionotropic receptors 22, 23 while adenosine has been known to activate purinergic P1 receptor signaling and inhibits the insulin release 24, 25 . E-NTPDases thus inhibits insulin secretion by two ways, firstly by hydrolyzing ATP and secondly, by the production of adenosine 21 .
Inhibitors of E-NTPDases thus hold promising therapeutic value against disease conditions where extracellular nucleotides are involved. Several inhibitors have been reported previously that includes reactive blue 2, N 6 -methyl 2′-deoxyadenosine 3′, 5′-bisphosphate, suramin and their derivatives 26 . The non-hydrolyzable nucleotide analogues either have no or very little effect on P2 receptor signaling and act as competitive inhibitors with an estimated Ki values in lower micromolar ranges. Namely, ARL 67156 (6-N,N-diethyl-D-β,γ-dibromomethylene ATP), and 8-thiobutyladenosine-5′triphosphate are potent non-hydrolyzable analogues of nucleotides that inhibit the individual E-NTPDase isozymes with varying degree of inhibitory potentials [27] [28] [29] [30] . In order to develop more potent, selective and specific inhibitors of ENTPDases, several efforts have been made previously. Fragment based and structure based drug design offers a very useful method for developing new chemical entities with enhanced potency. Structure based drug design relies on the three dimensional structure of target bio-molecule. The crystal structures of rat E-NTPDase1 and 2 have been reported previously [31] [32] [33] [34] . However, no human E-NTPDase crystal or NMR structures are yet reported. Comparative homology modelling offers simple and comparatively reliable method of modelling of these unknown protein structures. Modelling of protein structures that exhibits lower sequence identity with the available template structures often requires refinement because of the poor geometry. Refinement of these modelled protein structures can be accomplished by running their molecular dynamic simulations of few to hundreds of nanoseconds 35 . Binding mode analysis study has also been used extensively to determine the possible mechanism of binding offered by several substrates and inhibitors inside various enzymes and receptors [36] [37] [38] .
Results and Discussion
Homology Modelling. Homology models of surface located E-NTPDase1-3 and 8 were constructed using Molecular Operating Environment (MOE) 2014, 09 39 . Amino acid sequences of the target isozymes were fetched into the software and closely related template structures were identified. Rat origin E-NTPDase1 and 2 crystal structures were found to be the most top ranking template structures identified in terms of percentage similarity, identity and E-value. Rat origin E-NTPDase1 crystal structure (PDB ID 3ZX3) was found to be the most top ranking template structure which exhibited 74% sequence identity with human origin isozyme. Similarly, rat origin E-NTPDase2 (PDB ID 4BR5, 3CJ1 and 4CD3) were identified as top ranking template structures with percentage identity of about 83%. Unfortunately, for E-NTPDas-3 and 8 no crystal or NMR template structure with higher percentage similarity and identity were available. Rat origin E-NTPDase1 and 2 are the only available crystal structure with considerable higher sequence identity of 42% and 44% with human origin E-NTPDase3 and 8, respectively.
Ten homology models had been constructed for each E-NTPDase isozymes and the most top ranking homology model for each isozyme was further refined and energy minimized. Sequence alignment and superposition of the constructed homology models with their respective template structures exhibited Cα RMSD values between 0.5-1.5 Å. Higher the percentage similarity of template structure with target amino acid sequence lower the Cα RMSD observed values. (See Fig. S1 of SI for complete sequence alignment).
Stereochemical quality of the constructed homology models in terms of their Phi-Psi (Ramachandran) plots also revealed that higher the percentage identity of template structure with target amino acid sequence, higher would be the stereochemical quality of the homology models constructed and it will have lower number of residues with bad geometry (outlier region of Phi-Psi plot). Since, template structure of rat E-NTPDase2 had the highest percentage identity of 83% with human isozyme, it exhibited highest stereochemical quality with all residues in favored and allowed region. E-NTPDase1 had also been observed to exhibit considerably higher stereochemical quality with 99.5% residues in favored and allowed region and 0.5% residues lie in outlier region. In case of E-NTPDase3 and 8, several residues were found outside the favored and allowed region of Ramachandran plot. 2.8% residues of E-NTPDase3 and 1.9% residues of E-NTPDase8 were found to lie in outlier region of Refinement of E-NTPDase Isozymes after refinement with MD simulation. Molecular dynamic simulation offers a strategy for refining protein structures with bad geometries and had been used for several protein structures previously 40, 41 . The protein system had been solvated and 100 mM of divalent metal ions concentration was added because of the previously reported data on significantly enhanced activity of these isozymes in the presence of higher calcium or magnesium ion concentration 6 . Length of the simulation run was closely monitored and was terminated after confirmation of no further deviation in protein structure based on their RMSD values. Lowest deviation of about 0.2-0.25 nm from modelled structure was observed for E-NTPDase2, followed by E-NTPDase8 and 3. Highest deviation of up to 0.4 nm was observed in case of E-NTPDase1 isozyme. For all observed deviations, side chain deviations were more pronounced as compared to the residues backbone (data not shown). Figure 1 shows root mean square deviation of isozymes during 100 ns simulation.
Protein Dynamics. During simulation run the most pronounced root mean square fluctuation (RMSF) was observed for regions of highly non-conserved parts of the isozymes. The RMSF plot of each residue inside each isozyme can be found in Figure 2 . Highest RMSF value was calculated for residues Gln191-Asn205 in case of E-NTPDase1, correspondingly residues with similarly high RMSF values includes Tyr183-Arg193, Glu199-Gly211 and Tyr186-Glu197 of E-NTPDase2, 3 and 8, respectively. All these residues belong to a loop part of protein further away from the active site region. Second region of high RMSF value includes residues Asn227-Asp234 of E-NTPDase1, the corresponding residues in case of E-NTPDase2, 3 and 8 were Ser215-Ala221, Glu233-Ser240 and Gly218-Ser225, respectively. E-NTPDase3 was found to fluctuate most amongst the second identified region of high RMSF values, which could be attributed to the fact that this region coils to α-helix during simulation run while no such recoiling was observed in case of other isozymes.
Another region of high RMSF values includes protein region formed by residues Ala63-Arg67 of NTPDase-1, Arg298-Cys310 and Cys399-Phe404 of E-NTPDase2, Val310-Val322 of E-NTPDase3 and His294-Asn304 of E-NTPDase8, respectively. Moreover, in case of E-NTPDase3 and 8 residues ranging from Gln277-Leu285 and Gln262-Arg270 respectively, had also been observed to have high RMSF values.
Ramachandran plot analysis after Refinement. After running 100 ns of dynamic simulations, outliers in Ramachandran plot had been reduced significantly (see Fig. S2a and b for complete Ramachandran plots). For E-NTPDase2 no residue in outlier region was observed while in case of E-NTPDase1 and 8 only two residue lies in outlier region whereas for E-NTPDase3 isozyme, four residues were in outlier region. All E-NTPDase isozymes, number of residues present in additionally allowed region of Ramachandran plot declined while number of residues present in favored region rises significantly and is thus a clear evidence of improved stereochemical quality. Complete details of Ramachandran plot analysis is given under Table 1 .
Isozymes Structures and Active Site Analysis. Different protein properties were calculated by using MOE software. E-NTPDase1 was found to be more compact and spherical in shape with lesser percentage helicity as compared to other isozymes. E-NTPDase1, 3 and 8 were found to resemble each other more closely in certain properties such as their isoelectric pH, net negative charge and zeta potential. Conversely for E-NTPDase2 relative to other isozymes, it has a more alkaline isoelectric point with net positive charge and zeta potential. Detailed protein properties are given in Table 2 .
Site finder of MOE software was used to probe possible binding sites based on size (i.e., on number of α-spheres included in a specific site), propensity of ligand binding (PLB) score 42 for residues included, number of hydrophobic and side chain contact atoms present in that specific site. In E-NTPDase1, seven different sites with positive PLB values had been determined. For E-NTPDase2, 8 isozymes, eight sites with positive PLB values were found. While in E-NTPDase3, twelve possible binding sites with positive PLB values were observed. For each isozyme the top ranking largest site was considered for binding studies. Detailed dimensions of binding sites selected for further studies are given in Table 3 .
Sequence and structural alignment of the refined human E-NTPDase isozymes showed that E-NTPDase1 and 8 isozymes showed considerable high sequence similarity and identity with each other while E-NTPDase2 and 3 resembles each other more in terms of sequence identity and similarity as compared to other isozymes. ENTPDase-1 has a sequence identity of about 45% and sequence similarity of 62% with E-NTPDase8, while E-NTPDase2 and 3 have sequence identity of 43% and sequence similarity of about 62% with each other.
From the superimposed structures of E-NTPDase isozymes, conservation of residues were determined. Most of the residues that makes up the active site were highly conserved except few conservative mutations where histidine is replaced with arginine, tyrosine with phenylalanine, lysine with arginine and aspartate with asparagine. All active site residues were found to deviate with very less magnitude from their homology model as compared to other parts of the protein. Figure 3 shows sequence alignment of active site region with their RMSD bar graphs.
E-NTPDase
Binding Mode Analysis. Metal Geometry. As reported previously 6 , binding mode analysis also confirmed that the presence of divalent metal ion such as Ca +2 or Mg +2 ion inside active site is of crucial importance as it provides stability to the substrate molecule for subsequent hydrolysis. Previously reported crystal structure of rat ENTPDase-2 revealed that divalent metal ion forms octahedral geometry utilizing four water molecules and two oxygen atoms of α-and β-phosphate of Adenylyl-imidodiphosphate (AMP-PNP) 33, 34 . In the course of docking study, ignoring metal ion in active site of the modelled proteins revealed very poor binding scores and odd poses of ligand molecules. However, with the consideration metal ion in the active site, the ligand molecules revealed very high binding affinity and uniformity of poses. Table 4 shows binding affinities of substrates inside E-NTPDase isozymes and Table 5 shows the comparative binding affinities of the standard inhibitor with and without metal ion consideration.
Substrate binding mode inside E-NTPDase1 isozyme.
Substrate hydrolysis inside E-NTPDase1, revealed comparatively higher binding affinity of −25 KJmol −1 for ADP and −23 KJmol −1 for ATP. This difference in binding affinity can be related to the fact that ADP hydrolyze to AMP more readily as compared to its production by subsequent ATP hydrolysis. However, for UTP and UDP, higher binding affinity of −13 KJmol −1 was observed for UTP in contrast to lower binding affinity of −12 KJmol −1 for UDP. These observations strongly advocate the previously reported lower concentration of ADP and significantly higher concentration of UDP in reaction mixture as compared to ATP/UTP and AMP/UMP 16 . Binding study showed that phosphate group of substrates forms important hydrogen bonding interactions inside E-NTPDase isozymes, while nucleoside (adenine or uridine) group was found to be mainly involved in Pi-Pi interactions. The divalent metal ion plays a crucially important role of stabilizing the phosphate group by forming hydrogen bonding interactions with oxygen atoms of the two phosphate groups which undergoes hydrolysis. Amino acid residues Ser57, Ser58, Thr131, Ala132, Gly216 and Ala217 forms hydrogen bonding interactions with oxygen atoms of phosphates groups. In addition to hydrogen bonding, noticeable interactions are dipole dipole, showed by hydrogen atoms of amino acids and partially negative oxygen of the substrate (ADP, ATP, UDP and UTP). In addition to these, metal/ion interactions are also found between calcium and oxygen of the substrate. Figure 4 shows binding mode of substrates inside E-NTPDase1 active site. binding affinity inside E-NTPDase2, respectively. Because of higher binding affinity of triphosphonucleosides substrates (ATP and UTP) inside the enzyme active site, their rate of hydrolysis would be very high as compared to their diphosphonucleosides (ADP and UDP) leading to its accumulation in the reaction mixture as suggested in the previous study 17 . Inside active pocket of E-NTPDase2 divalent metal ion was found to form hydrogen bonding interactions with oxygen atoms of α-and β-phosphates groups of ADP and UDP and with oxygen atoms of α-and γ-phosphate of ATP and UTP. Amino acid residues Gly47, Ser48, Ser49, Thr122, Ala123, Gly203 and Gly204 forms hydrogen interactions with oxygen atoms of phosphate group. Moreover, dipole dipole interactions are noted by hydrogen atoms of amino acids and partially negative oxygen of the substrate. In addition to these, metal/ion interactions are also found between calcium and oxygen atom of the substrate (ADP, ATP, UDP and UTP). See Figure 5 for detailed binding poses of substrates.
Substrate binding mode inside E-NTPDase2 isozyme. E-NTPDase2 was found to have binding affinity of −19

Substrate binding mode inside E-NTPDase3 isozyme.
Substrates hydrolysis inside E-NTPDase3 revealed similar pattern to that of E-NTPDase2 with higher binding affinity towards triphosphonucleosides as compared to diphosphonucleosides. Higher binding affinity of −32 KJmol −1 and −21 KJmol −1 was determined for ATP and UTP. For ADP and UDP showed considerably lower binding affinities of −15 KJmol −1 and −18 KJmol −1 , respectively. Analogous to E-NTPDase2 binding mode, divalent metal ion formed similar hydrogen bonding interactions. Residues forming hydrogen bonding contacts with oxygen atoms of phosphate groups includes Gly64, Ser65, Arg67 and Thr139. Besides hydrogen bonding, noticeable interactions are dipole dipole, showed by hydrogen atoms of amino acids and oxygen atom of the substrate. In addition to these, metal/ion interactions are found between magnesium ion and oxygen of the substrate (ADP, ATP, UDP and UTP). , respectively. Binding pose analysis revealed similar pattern as observed for other surface located isozymes, divalent metal ion form hydrogen bonding interactions with oxygen atoms of α-and β-or β-and γ-phosphate of diphosphonucleosides or triphosphonucleosides, respectively. Residues Ser51, Ser52, His53 and Gly207 formed important hydrogen bonding interactions with oxygen atoms of phosphate groups. Along with hydrogen bonding, noticeable interactions are dipole dipole, showed by hydrogen atoms of amino acids and partially negative oxygen of the substrate (ADP, ATP, UDP and UTP). In addition to these, metal/ion interactions are also found between magnesium and oxygen of the substrate. Binding poses of substrate are shown in Figure 7 . Competitive Inhibitor -Adenylyl-imidodiphosphate binding mode inside E-NTPDase Isozymes and effect of metal ions on its binding affinity. Competitive inhibitor, adenylyl-imidodiphosphate (AMP-PNP) was docked inside E-NTPDase isozymes with and without metal ion consideration inside the active site. It was observed that inside the active site of E-NTPDase isozymes, higher binding affinity and uniformity of docked poses were obtained as compared to docking inside isozymes without any metal ion consideration. Furthermore, the competitive inhibitor was found to form similar binding mode as that of triphosphonucleosides. The only difference in ATP and AMP-PNP is the presence of an imido group that render it resistant to hydrolysis. The key amino acid residues forming interactions are given in Table 5 and putative binding mode of AMP-PNP is shown in Figure 8 . E-NTPDase isozymes constructed by using homology modelling had been refined to the highest possible quality and can be used for subsequent in-silico studies. Binding mode analysis of the standard substrate molecules hallmarked the importance of divalent cations and the contributing amino acid residues in hydrolysis. Binding mode analysis of standard comparative inhibitor can serve as a guide to develop more specific inhibitors by exploiting the use of fragment and structure based drug design.
Method
Homology Modeling. Molecular Operating Environment 39 was used to generate homology models of the cell surface located ecto-nucleotidases. The amino acid target sequences (UniProt ID P49961, Q9Y5L3, O75355 and Q5MY95) were obtained from UniProtKb-NCBI protein database. The corresponding template sequences were determined by using BLAST -Basic Local Alignment Search Tool of NCBI 43 . Identified template structures were then downloaded from RCSB protein data bank and fetched into software. Target sequences and the corresponding template structures were aligned using structure-oriented sequence alignment in MOE. Default parameters of the software were used for modeling of all proteins structures. Modeling of proteins were carried out by selecting parameters such as disabled C-terminal and N-terminal out-gaps and inclusion of the automatic detection of the disulfide bridges. Ten homology models were generated and the top ranking model was further refined and energy minimized by using Amber12:EHT force field and protonation was carried out using Protonate 3D tool of MOE 44 . Refined homology models were then superposed on their respective crystal structures to determine their closeness with their template structures in terms of their root mean square deviation (RMSD) values and conservation of amino acid residues especially at active site was determined. Stereochemical quality of the model was then assessed by Rampage Ramachandran plot analysis 45 .
Molecular Dynamic Simulation. Using GROMACS (Groningen Machine for Chemical Simulation) software package, previously refined homology models of E-NTPDase 1, 2, 3 and 8 were subjected to 100 ns dynamic simulations in explicit water model 46, 47 using AMBER99Sb force field 48 . To represent water molecules, TIP3P model was used 49 . A 100 mM of Ca +2 and 200 mM of Cl −1 ion concentration was added to the proteins structures and the whole system was neutralized to pH 7. The protein structures were minimized to the point when the maximum force experienced by the system was in the order of 10 2 -10 3 KJmol −1 nm −1 . Before running the production run, the protein system was equilibrated by running 100 ps of NVT (isothermal-isochoric) and NPT (isothermal-isobaric) ensemble. The simulation system was closely monitored to reach 300 K temperature and around 1 atmospheric pressure. Molecular dynamic simulations were then carried out in periodic cubic box with minimum distance of 1.0 nm between any atom of the protein and walls of the cubic box. Twin-range method, van der Waals and coulombs interactions were used to evaluate non-bonded interactions with cutoff range of 1.0 nm. Root mean square deviation (RMSD) of protein (backbone and side chains) as well as root mean square fluctuation (RMSF) of amino acid residues were plotted using XMGRACE v5.1.19 50 .
Binding Mode analysis. In order to get insights into differential substrate hydrolysis carried out by E-NTPDase isozymes, molecular docking study of adenosine and uracil di-and triphosphates (ADP, ATP, UDP and UTP) was carried out. While AMP-PNP docking study was performed with an aim to determine inhibition mechanism of the competitive inhibitors. Chemical structures of the ligands were sketched and 3D clean in Marvin Sketch v15.11.30 from ChemAxon Ltd 51 .
To the refined isozymes structures, divalent metal ions such as Ca +2 and Mg +2 ions coordinates were added after realigning them with their respective template structures. To minimize steric hindrance or clashes around newly introduced metal ion, localized energy minimization of approximately 4 Å radius around divalent metal ion was performed.
FlexX utility embedded in LeadIT v2.20 software from BioSolveIT GmbH, Germany was utilized for docking studies 52 . The E-NTPDase isozymes were fetched and processed using 'Load or Prepare Receptor' utility. Automatic detection of binding cavities in LeadIT software also identified same binding sites as found in case of Site Finder of MOE. For all E-NTPDase isozymes the largest binding cavity with di-valent metal ion was used as site for docking studies. Hybrid enthalpy and entropy approach of docking was used with all other default parameters. Top ranking 50 poses for each ligand molecule were kept and validated further through HYDE visual affinity assessment which is a function of two parameters namely, hydrogen bonding affinity and dehydration energy estimation 53 . For each docked pose binding affinity (ΔG) was determined. Poses with lowest binding free energy values were considered as final poses.
